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SDS-PAGE and Western Blot analysis.
Proteins present in whole cell lysates (derived 146 from 5x10 7 -1x10 8 CFU) of the appropriate H. ducreyi strains were resolved by SDS-PAGE in 4-147 20% (wt/vol) polyacrylamide separating gels and electro-blotted onto PVDF membranes as 148 described (41). Membranes were then incubated in StartingBlock(PBS) Blocking Buffer 149 (Thermo Scientific, Rockford, IL) containing 5% (vol/vol) normal goat serum for 1 h at room 150 temperature or overnight at 4°C, followed by a 3-4 h incubation at room temperature or an 151 overnight incubation at 4°C in primary antibody. Membranes were then incubated for 1 h at 152 room temperature in a 1:20,000 dilution of either goat anti-mouse IgG-HRP or goat anti-rabbit 153
IgG-HRP (BioRad, Hercules, CA). The LspA1-specific monoclonal antibody (MAb) 40A4 154 (62), the LspA2-specific MAb 1H9 (62), the PAL-specific MAb 3B9 (56), the LspB-reactive 155 polyclonal mouse serum (63), the DsrA-reactive polyclonal mouse serum (19), the Flp1-reactive 156 polyclonal rabbit serum (41), and the CpxR-reactive polyclonal rabbit serum (35) have been 157 described. Western blots were developed using the Western Lightning Chemiluminescence 158
Reagent Plus (New England Nuclear, Boston, MA). 159 160 Construction and complementation of a H. ducreyi cpxA mutant. A ~1.2-kb fragment 161 corresponding to the 5' upstream region of the H. ducreyi 35000HP cpxA ORF was PCR-162 amplified from chromosomal DNA with ExTaq DNA polymerase (Takara Bio Inc., Shiga, 163 Japan) using primers P1 (35) and P183 (Table 2) . A second 1.2-kb fragment corresponding to 164 the 3' downstream region of the H. ducreyi cpxA ORF was PCR-amplified with primers P184 165 (Table 2 ) and P2 (35). Primers P183 and P184 shared a 24-nt complementary sequence (see 166   Table 2 ), and a SmaI site (underlined) was included in primer P183. The two PCR fragments 167 on November 12, 2017 by guest http://iai.asm.org/ Downloaded from were gel-purified and equal amounts were used as the templates in overlapping extension PCR 168 (25) with primers P1 and P2. The resultant 2.4-kb PCR product had a 1,149-bp deletion within 169 the cpxA ORF, with a SmaI site in the center. This fragment was cloned into pCR2.1 170 (Invitrogen) to obtain pML117. A cat cartridge from pSL1 (37), modified to contain its native 171 promoter (35), was digested with SmaI and ligated to SmaI-digested pML117 to obtain 172 pML118C. Primers P1 and P2 were used to amplify a ~3.2-kb fragment from pML118C 173 containing the cpxA deletion construct described above. The amplicon was DpnI-digested to cut 174 any residual plasmid DNA, followed by gel purification. Different amounts of purified PCR 175 fragment (5 µg to 100 µg) were used to electroporate H. ducreyi 35000HP as previously 176 described (35). PCR followed by nucleotide sequence analysis was used to confirm that the 177 desired deletion was in-frame in the resultant chloramphenicol-resistant H. ducreyi 178 35000HP∆cpxA mutant.
Complementation of the H. ducreyi 35000HP∆cpxA mutant was 179 performed as follows: a 100-ng quantity of pML141 (described below) was used to electroporate 180
35000HP∆cpxA to obtain the kanamycin-and chloramphenicol-resistant strain 181
35000HP∆cpxA(pML141). 182 183
Recombinant plasmids and site-directed mutagenesis. Plasmid pML125 carrying the 184 wild-type cpxR gene from H. ducreyi 35000HP has been described (35). To construct a plasmid 185 containing the cpxA gene, the wild-type cpxA gene from H. ducreyi 35000HP together with 268-186 nt upstream of the translational initiation codon was PCR-amplified from chromosomal DNA 187 using primers P299 and P298 ( Table 2 ). The 1,677-bp amplicon was digested with SacII and 188 ligated to SacII-digested pLS88 (16) to obtain pML141. 189 cells grown to mid-exponential phase were used for first-strand cDNA synthesis as previously 214 described (35). To avoid gene-specific dye bias, each sample was subjected to reverse labeling 215 (i.e., a dye swap). Differential expression was defined as a minimum of a two-fold change in 216 expression in the H. ducreyi cpxA mutant relative to the wild-type H. ducreyi 35000HP, or in H. 217 ducreyi cpxR(pML125) relative to H. ducreyi cpxR(pLS88). The data were further analyzed so 218 as to only include expression profiles that had a P ≤ 0.05 after a one-sample t-test analysis. The 219 data from these DNA microarray experiments were deposited at the NCBI Gene Expression 220
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/) under accession numbers 221
GSE21788 and GSE21789. 222 223
Real-time RT-PCR. Oligonucleotide primers used to amplify ORFs HD2025, HD1643, 224 HD1312, HD0045, HD0046, HD1433, HD0769, HD0902 were previously described (35); all 225 others are listed in Table 2 . Eighteen genes from each of the DNA microarray experiments were 226 randomly selected for further confirmation of their relative transcription levels by two-step real-227 time RT-PCR. The reverse transcriptase reaction was performed as described (35). Assays were 228 performed on three independent biological replicates, using HD1643 (gyrB) to normalize the 229 amount of cDNA per sample. The fold-change of each gene was calculated using the 2 -∆∆CT 230 method. 231
232
Electrophoretic mobility shift assay (EMSA). The ability of purified recombinant 233
CpxR to bind H. ducreyi promoters was examined by using the DIG Gel Shift Kit from Roche as 234 described (35), with the lspA1 and gyrB promoter regions being used as negative controls, and 235 the lspB promoter region as a positive control in each experiment. DNA promoter regions 236 on November 12, 2017 by guest http://iai.asm.org/ Downloaded from containing the putative CpxR consensus binding sequence in the center of the fragments (~200 237 bp) were generated by PCR (relevant primer sequences shown in Table 2 Fig. 1A ) did not result in a significant growth 290 defect, although the apparent density of the mutant culture was slightly less than that of the wild-291 type parent strain after 8 h (Fig. 1B) . This difference may have been the result of an increased 292 auto-agglutination property exhibited by the cpxA mutant (Figs. 1C and 1D ). In addition, the 293 overall total protein profile of this cpxA mutant was significantly different from that of the wild-294 type parent strain (Fig. 1E) . Mass spectrometric analysis indicated that the ~40 kDa protein that 295 was much more highly expressed by the cpxA mutant was OmpP2B (46). This same type of 296 analysis revealed that the ~27 kDa protein that was present in the wild-type parent strain and 297 apparently missing in the cpxA mutant was DsrA (19), a proven virulence factor of this pathogen 298 Western blot analyses, we showed that deletion of the cpxA ORF resulted in the reduction of 309 expression of both lspB-lspA2 transcripts (Fig. 2D ) and the respective encoded proteins (Fig. 2C,  310 lane 2). These results would be consistent with the presence of high levels of phosphorylated 311
CpxR in the cpxA mutant, especially because the apparent level of CpxR protein in this cpxA 312 mutant (Fig. 2C , lane 2) was equivalent to that in the wild-type parent strain (Fig. 2C, lane 1) . 313
Based on these results, it is our working assumption that the CpxR protein of this H. ducreyi 314 cpxA deletion mutant is constitutively phosphorylated and will be referred to as such for the 315 remainder of this study. (Fig. 2C,  345 lane 5) was much lower than that of wild-type CpxA in the wild-type strain (Fig. 2C, lane 1) or 346 in the complemented cpxA mutant carrying the wild-type cpxA gene in trans (Fig. 2C, lane 3) . 347
These observed very low levels of CpxA expression in these two recombinant strains could result 348 in relatively high levels of CpxR phosphorylation, which would explain why LspB, LspA2, Flp1, 349
and DsrA are still repressed in both of these strains (Fig. 2C, lanes 3 and 5) of the wild-type strain with that of the cpxA mutant. Regulated genes were defined as those with 360 a minimum of a two-fold transcriptional change (P < 0.05). One hundred and eighty-one genes 361 were found to be differentially regulated (108 up-regulated and 73 down-regulated) in the cpxA 362 mutant background (Supplemental Table S1 ). To validate the DNA microarray results, real-time 363
RT-PCR was performed with a set of selected genes (Fig. 3A) which showed a correlation 364 coefficient of R 2 =0.9648. 365
366
We also compared the overall gene expression of 35000HP∆cpxR carrying a wild-type 367 cpxR gene in trans [35000HP∆cpxR(pML125)] to this same mutant carrying the empty plasmid 368 vector [35000HP∆cpxR(pLS88)]. The former strain over-expressed CpxR (Fig. 2A, lane 3) , a 369 condition that may overcome the need to have CpxR phosphorylated, as previously described in 370 E. coli (12). Under this condition of over-expression of CpxR, a total of 224 genes were 371 differentially expressed, with 90 genes being up-regulated and 134 being down-regulated 372 (Supplemental Table S2 ). A subset of these genes was used to validate the DNA microarray data 373 by using real-time RT-PCR (Fig. 3B ) and a correlation coefficient of R 2 =0.9302 was obtained. 374 A comparison of these two sets of DNA microarray data revealed 116 genes in common 376 (see Table 3 for a listing of the thirty most up-and down-regulated genes). The most highly up-377 regulated genes in both groups were those encoding the putative fimbrial operon fimABCD, and 378 the most down-regulated were ompA2, ompP2A, members of the flp operon, and dsrA. The fact 379 that the expression profile results from these two comparisons [cpxA mutant vs. wild-type and 380 35000HP∆cpxR(pML125) vs. 35000HP∆cpxR(pLS88)] are highly similar supports our 381 hypothesis that CpxR is highly active in both situations, due to constitutive phosphorylation of 382
CpxR in the former case and to over-expression of CpxR in the latter. 383
384
In addition to the large number of genes whose expression was affected by both 385 constitutive phosphorylation and over-expression of CpxR (Table 3, columns A and B,  386 respectively), there were several genes whose expression was affected only by the constitutive 387 phosphorylation of CpxR in the cpxA mutant (Table 4) or only by over-expression of CpxR 388 (Table 5 ). The gene whose expression was the most highly up-regulated under conditions where 389
CpxR is constitutively phosphorylated was ompP2B (Table 4) . It should be noted that protein 390 analysis also showed that the OmpP2B protein was over-expressed by this H. ducreyi cpxA 391 deletion mutant (Fig. 1E) . exhibited a readily apparent shift in the EMSA when CpxR was present (Fig. 4B) . The lspB, 411 ompA2, ompP2A, flp, and dsrA promoter regions all exhibited a readily apparent decreased rate 412 of migration in the EMSA when CpxR was present (Fig. 4B) , indicating that CpxR directly 413 interacts with the promoter regions of these genes and that they are likely part of the CpxRA 414 regulon in H. ducreyi. In contrast, numerous attempts to demonstrate binding of CpxR to the 415 promoter region of fimA by EMSA were unsuccessful. In view of this latter result, although the 416 expression of the fimABCD operon changes dramatically when CpxR is in an active state (Table  417 3 and Fig. 3 [GenBank accession no. NC_002940] was interrogated to find homologs of the aforementioned 427 enteric genes. HD0260 was found to have 53% identity (BLAST probability score = 6 x 10 -127 ) 428
to E. coli degP; HD0638 had 43% identity (BLAST probability score = 1 x 10 -47 ) to E. coli dsbA; 429 HD1737 had 30% identity (BLAST probability score =8 x 10 -76 ) to E. coli ppiD; HD0649 had 430 54% identity (BLAST probability score =5 x 10 In E. coli and other enterics, the cytoplasmic membrane-bound CpxA histidine kinase is 509 the sensor for this TCS, functions as an autokinase, and has both phosphotransferase and 510 phosphatase activities with respect to its cognate response regulator CpxR. In E. coli, deletion of 511 cpxA removes this CpxA-based phosphatase activity but does not prevent CpxR from being 512 phosphorylated, likely by the small phosphodonor acetyl phosphate (13,50,68). In the absence of 513
CpxA phosphatase activity, phosphorylated CpxR should accumulate and exert a maximal effect, 514 in the positive or negative sense, on genes regulated by CpxR (15,32). We used this as a 515 working assumption when we constructed a cpxA deletion mutation in H. ducreyi 35000HP. The 516 results depicted in Fig. 2 and Fig. 3 support our working assumption that the cpxA mutation in H. 517
ducreyi resulted in what appears to be a constitutively active (i.e., phosphorylated) CpxR protein. 518 We previously reported that CpxR acts as a repressor of expression of the lspB-lspA2 operon in 519 H. ducreyi (35). Inactivation of the cpxA gene (Fig. 2C, lane 2) resulted in almost a complete 520 elimination of LspB and LspA2 protein expression detectable by Western blot analysis. Real-521 time RT-PCR analysis (Fig. 2D) confirmed that this inhibitory effect in the cpxA mutant was 522 exerted at the level of transcription. It should be noted that CpxR levels in the cpxA mutant (Fig.  523 2C, lane 2) appeared to be equivalent to those in the wild-type strain (Fig. 2C, lane 1) , so the 524 increased repression of lspB and lspA2 is consistent with CpxR being highly phosphorylated in 525 this mutant.
Interestingly, over-expression of CpxR [in the recombinant strain 526 35000HP∆cpxR(pML125)] (Fig. 2A, lane 3 (Table 3 , columns A and B, respectively). In addition, there were 535 some genes whose expression was affected under the former condition, but not in the latter 536 condition, and vice-versa. The most up-regulated gene when CpxR was constitutively 537 phosphorylated (i.e., in 35000HP∆cpxA) was ompP2B. Analysis of whole cell lysates comparing 538 wild type to 35000HP∆cpxA (Fig. 1E ) also showed this protein as being highly expressed. These 539 two sets of DNA microarray results are derived from significant alterations of the CpxRA 540 regulatory system, and likely included some genes whose expression is not directly affected by 541
CpxR. Inspection of the promoter regions of the ten most up-or down-regulated genes (not 542 including multiple genes apparently linked in an operon) affected by CpxR (Table 3) , revealed 543 that only 20% of these genes contained a putative CpxR binding consensus motif (data not 544 shown). This finding makes it likely that the other 80% of these genes are only indirectly 545 regulated by CpxR. 546 547 Three interesting findings are contained within these data sets and the accompanying 548 EMSA results. The first is that the putative fimABCD operon is highly up-regulated when CpxR 549 was either constitutively phosphorylated or very abundant in H. ducreyi (Table 3) CpxR was either constitutively phosphorylated or very abundant (Table 3, Fig. 2C, Fig. 2D, Fig.  571 3). An intact flp gene cluster has been shown to be required for full virulence of H. ducreyi in 572 the human challenge model for experimental chancroid (55), and inactivation of the dsrA gene 573 markedly attenuates the virulence of this pathogen in the same model system (8). In addition to 574 these proven virulence factors, the expression of the genes encoding the presumably surface-575 exposed outer membrane proteins OmpA2 (33) and OmpP2A (46) was also negatively affected 576 on November 12, 2017 by guest http://iai.asm.org/ Downloaded from by CpxR (Fig. 3A and Fig. 3C ), as was expression of the gene encoding the HhdA hemolysin 577 (43). In contrast, the expression of the outer membrane protein OmpP2B (46) was up-regulated 578 in the absence of CpxA (Fig. 3A) . A detailed analysis of the ompP2B promoter region showed 579 the lack of a defined CpxR consensus binding motif, and EMSA studies showed no interaction 580 with purified rCpxR (data not shown). Therefore, it is likely that the effect of CpxR on the 581 regulation of expression of OmpP2B is indirect. The opposing responses of the ompP2A and 582 ompP2B genes to phosphorylated CpxR (Fig. 3A) is reminiscent of those observed in an E. coli 583 cpxA mutant in which there was increased transcription of ompC and decreased transcription of 584 ompF (5). 585
586
The third interesting result was the apparent lack of effect of the H. ducreyi CpxR protein 587 on expression of H. ducreyi homologs of genes that have been established as being regulated by 588
CpxR in E. coli (47) . The promoter regions of a number of these genes were tested for their 589 ability to bind H. ducreyi CpxR in an EMSA, including degP, dsbA, ppiD, psd, and secA. Only 590 degP showed an apparent binding of CpxR in the EMSA (Fig. 4D) . These EMSA-derived data 591 were reinforced by real-time RT-PCR analyses in which these five genes showed relatively little 592 change in expression in a cpxA mutant (Fig. 4C) 
